Experiments were performed to examine the relationship between the structure and function of ovine uterine serpin (OvUS). Limited proteolytic digestion of OvUS caused cleavage of the 55^57 kDa OvUS to a 42 kDa product nearly identical in molecular weight to a naturally-occurring breakdown product of OvUS. N-terminal amino acid sequencing and MALDI-MS revealed that, unlike other serpins, OvUS was preferentially cleaved at about 70 amino acids upstream of the putative reactive center loop. Analysis of the partially-digested protein by gel filtration chromatography suggested that the C-terminal fragment of the protein was still associated under nondenaturing conditions. Partial digestion of OvUS had no effect on the protein's secondary structure, thermal stability, ability to bind lymphocytes or pepsin, or inhibitory activity towards pepsin or mitogen-induced lymphocyte proliferation. In contrast, mild denaturation of OvUS with 0.5 M guanidine HCl increased thermal stability. Unlike for other serpins, the increase in thermal stability was lost upon removal of the denaturant. Incubation of OvUS with 100 fold molar excess of a peptide corresponding to the putative P 14 -P 2 region of the RCL for 24 h at 37³C to induce binary complex formation had no effect on its secondary structure and did not alter the biological activity of the protein. Synthetic peptides corresponding to the putative P 14 -P 2 region and the P 7 -P 15 H region of the RCL were not inhibitory to pepsin activity or lymphocyte proliferation. Taken together, these results indicate that the conformation of OvUS is distinct from the prototypical serpin because conditions that lead to the large-scale conformational change in other serpins such as antithrombin III and K 1 -antitrypsin do not cause similar changes in OvUS. Moreover, the putative RCL does not seem to contain the activity required to inhibit lymphocyte proliferation or pepsin activity. ß
Introduction
The uterus of several ungulate species including the sheep [1] , cow [2] , and pig [3] secretes a novel member of the serpin superfamily of proteinase inhibitors. The best characterized protein of this family of uterine serpins is the ovine uterine serpin, also called uterine milk protein. Like the other members of the family, secretion of ovine uterine serpin (OvUS) by the uterine endometrium is under the control of progesterone [4^6] . Indeed, OvUS can be produced in gram quantities during pregnancy [4] and is the most abundant steroid-induced uterine protein described. The OvUS is a glycoprotein of basic pI (9. 2) that exists in the uterine £uid as a 55 and 57 kDa species as well as in various lower molecular weight forms, especially at 45 kDa, that appear to be breakdown products of OvUS [4, 7] .
The OvUS is similar in amino acid sequence to baboon K 1 -antitrypsin and chicken ovalbumin (OVA) [1] . However, OvUS may function as an inhibitor to aspartic proteinases rather than serine proteinases because inhibitory activity of OvUS was detected against pepsin A and pepsin C [2] but not against trypsin, chymotrypsin or elastase [1] . The inhibition of aspartic proteinases by the uterine serpins is consistent with the presence of a conserved KVP in the putative reactive center loop (RCL) which is also present in the propeptide region of the pepsinogens. Another conserved motif in the reactive center loop, VVVK, is structurally similar to pepstatin. The OvUS can also bind to a polymorphic family of inactive aspartic proteinases that are produced by binucleated trophoblast cells of the fetus [2] . One major function of OvUS during pregnancy is to mediate progesterone-induced immunosuppression within the uterus and contribute to tolerance of the fetal allograft. The OvUS is inhibitory to lymphocyte proliferation [8^10], natural killer activity [11] and T-helper dependent antibody production [10] .
Serpins contain a characteristic RCL that projects from the protein and acts as peptide bait for proteinases [12^16] . The presence of this loop makes the serpin thermodynamically unstable; typical serpins precipitate upon heating at 60³C for 2 h [12,17^19] . Proteolytic cleavage of the RCL by target or nontarget proteinases results in an increase in thermal stability of the protein and a loss of enzyme inhibitory activity of the serpin [12, 17] . This shift in biochemical activity upon limited proteolysis involves the insertion of a peptide fragment of the RCL into the protein to form strand 4A [20^24] . Incubation of antithrombin III and plasminogen activator inhibitor-1 in dilute concentrations of guanidine HCl causes unfolding to allow for insertion of the RCL into the protein in a manner similar to limited proteolysis and results in increased thermal stability and altered biological activity [25] . Similarly, incubation of K 1 -antitrypsin or antithrombin III in 100 fold excess of synthetic RCL peptides for 24 h at 37³C also results in an increase in thermal stability [21, 24] .
The role of the RCL in biological activity has largely been examined in serpins such as K 1 -antitrypsin and antithrombin III that inhibit proteinases. Much less is known about serpins with other biological functions. The noninhibitory serpin corticosteroid binding globulin seems to function using a similar mechanism of action as the prototypical serpin, K 1 -antitrypsin. Limited proteolysis of corticosteroid binding globulin with neutrophil elastase resulted in an increase in thermal stability and a partial loss of a¤nity of the protein for cortisol [17] . However, another hormone binding serpin, thyroxine binding globulin, became more thermal stable upon partial digestion with human neutrophil elastase but retained its ability to bind to thyroxine [17] . Unlike K 1 -antitrypsin, angiotensinogen and OVA do not undergo a shift in thermal stability upon limited proteolysis of the RCL [26] , even though their tertiary structure is similar to the prototypical serpin.
The sequence of the putative RCL of OvUS and similar proteins found in cattle and pigs is very different from other serpins [1] and no structure^func-tion studies have been performed to evaluate the role of the RCL in biological activity of this unique subclass of serpins. Therefore, several experiments were conducted to determine whether limited proteolysis, mild denaturation with guanidine HCl or pre-incubation with a peptide corresponding to residues P 14 -P 2 of the RCL would result in a large-scale conformational change in OvUS that has been described for other serpins to produce an inactive protein with altered thermal and optical properties. Additional studies were also performed to determine if synthetic peptides corresponding to the RCL could mimic the biological activity of OvUS with regard to inhibition of pepsin activity and lymphocyte proliferation.
Materials and methods

Reagents
Dulbecco's phosphate bu¡ered saline (DPBS), tissue culture medium 199, human K 1À antitrypsin, chicken egg OVA, hen egg lysozyme, phytohemag-glutinin from Phaseolus vulgaris, penicillin-streptomycin, glutamine, porcine pepsin A, N,N-dimethylhemoglobin, pepstatin, heparin, carboxymethyl-Sepharose CL-6B, streptavidin-R-phycoerythrin, pepsin A coupled to agarose, heparin-Sepharose CL-6B and leupeptin were purchased from Sigma (St. Louis, MO). Biotin hydrazine was purchased from Pierce Chemical Company and [methyl-3 H]thymidine was purchased from ICN (Costa Mesa, CA). The Bradford protein reagent, ampholytes for IEF and silver staining reagents were purchased from Bio-Rad (Hercules, CA). Guanidine HCl and all other laboratory reagents were purchased from Fisher Scienti¢c (Pittsburg, PA). Synthetic peptides were produced by the Interdisciplinary Center for Biotechnology Research Protein Chemistry Core Laboratory at the University of Florida (Gainesville, FL).
Puri¢cation of OvUS
The OvUS was puri¢ed from uterine £uid collected from unilaterally-pregnant ewes. Prior to breeding, one uterine horn was surgically ligated and the ipsilateral ovary removed as previously described [27] so that the subsequent pregnancy would be restricted to one uterine horn. At approximately day 140 of pregnancy, ewes were slaughtered and £uid was collected from the nongravid uterine horn and stored at 320³C until puri¢cation of OvUS by a combination of cation-exchange and gel-¢ltration chromatography as previously described [4] . After puri¢cation, OvUS was bu¡er-exchanged into DPBS and concentrated using Centricon1 ultra¢ltration devices (Amicon, Beverly, MA). Protein purity was assessed by SDS-PAGE under reducing conditions on 10% (w/v) polyacrylamide gels and staining with Coomassie Blue R-125.
Partial digestion of OvUS with trypsin
Limited proteolysis of OvUS (3^6 mg ml 31 ) was accomplished by incubation of trypsin with OvUS at a 1:60 (w:w) enzyme to serpin ratio in DPBS at 37³C for 3.5^4 min. After incubation, the reaction was stopped by adding 10 fold mass excess of 4-(2-aminoethyl)-benzenesulfonyl-£uoride (AEBSF), leupeptin or human K 1 -antitrypsin. Success of the digestion was evaluated by SDS-PAGE using 10 or 12.5% polyacrylamide gels. To predict the site where OvUS was digested by trypsin, proteins were blotted onto Immobilon-P 0 membranes (Millipore, Bedford, MA) and submitted to the Interdisciplinary Center for Biotechnology Research Protein Chemistry Core Laboratory at the University of Florida (Gainesville, FL) for analysis by N-terminal amino acid sequencing and MALDI-MS.
Gel-¢ltration chromatography of trypsin-digested OvUS
To determine if the C-terminal fragment of OvUS remains associated after trypsin digestion, trypsin-digested OvUS and undigested OvUS were analyzed by gel-¢ltration chromatography using a Superdex S-200 column (1.6U62 cm) on the FPLC system (Pharmacia, Piscataway, NJ). Proteins (1.57 mg in 500 Wl 0.01 M Tris^HCl, 0.33 M NaCl, pH 8.2) were loaded onto the column and eluted with 0.01 M Tris^HCl, 0.33 M NaCl, pH 8.2 at a 0.5 ml min 31 £ow rate. Elution of proteins was monitored by measuring the A 280 ; 0.5 ml fractions were collected in the region of the predicted elution volume (78.18 ml for OvUS, 83.58 ml for trypsin-digested OvUS). Proteins eluting near the observed OvUS peak were analyzed by SDS-PAGE under reducing conditions using 10% (w/v) polyacrylamide gels and 50 Wl sample/lane. Proteins were visualized by silver staining.
Preincubation of OvUS with RCL peptide
Attempts to produce a binary complex form of OvUS were made using procedures similar to those for human K 1 -antitrypsin and antithrombin III [21, 24] . The OvUS (2 mg ml 31 ) was incubated with a 100 fold molar excess of a synthetic peptide corresponding to the P 14 -P 2 region of the putative RCL (OvUS 352À364 ) for 24 h at 37³C in 0.1 M Tris^HCl, pH 8.2. After incubation, the excess peptide was removed by ultra¢ltration using 10 000 M r Centricon1 ultra¢ltration devices.
Thermal stability
The e¡ects of trypsin digestion, pre-incubation with OvUS 352À364 , and incubation in 0.5 M guanidine HCl on protein thermal stability were tested by heating aliquots of the protein (0.25^0.5 mg ml 31 in DPBS) at 40^90³C for 2 h. After heating, the precipitated protein was removed by centrifugation and the concentration of the protein in the supernatant was measured.
Circular dichroism
The relative changes in secondary structure to OvUS (312 nM in 0.01 M sodium phosphate, pH 8.2) in response to trypsin digestion and incubation with the synthetic RCL peptide OvUS 352À364 were determined by far-UV circular dichroism on a Jasco 710 spectropolarimeter (Tokyo, Japan). Spectra were acquired from 185 to 250 nm at 0.2 nm s 31 and averaged over ¢ve scans. Spectra were smoothed using the manufacturer's software and the mean molar ellipticity was calculated after subtracting the background spectrum of the bu¡er. An unfolding experiment was also performed to determine if OvUS has a two phase unfolding pattern as previously described for antithrombin III [28] . In these experiments, OvUS was incubated in varying concentrations of guanidine HCl (from 0 to 6 M) for 2 h at 25³C and the change in mean molar ellipticity at 222 nm was determined after subtracting the background spectrum for each concentration of guanidine HCl.
Pepsin a¤nity chromatography
Pepsin-agarose beads were placed in a small 2U0.5 cm chromatography column and proteins (1^2 mg) were added in 0.01 M Tris^HCl, pH 8.2 and eluted with 0.01 M Tris^HCl, 3 M MgCl 2 , pH 8.2. In some experiments, 10 mM KPO 4 , 0.154 NaCl, pH 7.4 or 0.01 M piperazine bu¡er, pH 10.25 was used as the column bu¡er to determine whether binding concentration was electrostatic. The protein of 1 ml fractions of eluate was measured using the bicinchonic acid (BCA) assay.
Pepsin activity
Because the pepsin inhibitory activity of OvUS is very unstable [2, 8] , all of the pepsin inhibitory assays were performed on freshly puri¢ed samples of OvUS that were less than 24 h old. All treatments were performed in duplicate. Pepsin inhibitory activity was determined by incubating 15 Wg porcine pepsin A with test proteins in 0.9% NaCl in a total volume of 31^67 Wl at 37³C for 15 min. Next, 0.25 ml of 5 mg ml 31 N,N-dimethylated hemoglobin in 0.1 M acetate, pH 4.5 was added and the samples were incubated at 37³C for 45 min. Proteolysis was then halted by the addition of 0.5 ml 5% (w/v) trichloroacetic acid (TCA). Precipitated proteins were removed by centrifugation at 2000Ug for 10 min and the A 280 of the TCA soluble products was determined. This assay was also used to test the pepsin inhibitory activities of OvUS 352À364 and OvUS 358À380 , which correspond to the P 14 -P 2 and P 7 -P 15 H regions of the putative RCL.
Lymphocyte binding
Binding of OvUS to lymphocytes was measured on Ficoll^Paque puri¢ed peripheral blood lymphocytes [29] from adult ewes (n = 2) that were suspended at 10 7 cells ml 31 in £ow cytometry bu¡er (DPBS containing 0.1% (w/v) bovine serum albumin (BSA) and 2 mM EDTA). Cells were then placed in 12U75 mm tubes (10 6 cells per tube; two tubes/treatment) on ice. Lymphocytes were incubated with 50 Wg OvUS, trypsin digested OvUS, OVA or an equivalent amount of trypsin and AEBSF or bu¡er for 30 min in a total volume of 111 Wl. Cells were then washed three times with £ow cytometry bu¡er and 0.9 Wg biotinylated OvUS (20 Wl in DPBS) was added. After 30 min on ice, cells were washed three times with £ow cytometry bu¡er, and resuspended in 10 Wl streptavidin-Rphycoerythrin (0.5 mg ml 31 ). After 30 min on ice, cells were washed three times with cytometry bu¡er, suspended in 1 ml £ow cytometry bu¡er and analyzed on a Becton Dickinson FACScan £ow cytometer. For all analyses, the lymphocyte population was gated by forward and side scatter.
Lymphocyte proliferation
The e¡ects of trypsin digestion and potential binary complex formation on the lymphocyte inhibitory activity of OvUS was tested as previously described using phytohemagglutinin (PHA) as the mitogen to induce lymphocyte proliferation [30] . Peripheral blood mononuclear leukocytes were puri¢ed using In other experiments, peptides corresponding to the P 14 -P 2 (OvUS 352À364 ) or P 7 -P 15 H (OvUS 358À380 ) regions of the putative RCL were tested for lymphocyte inhibitory activity. Lymphocytes were cultured with OvUS 352À364 at concentrations of 8.9 and 89 WM. These concentrations correspond to concentrations one and 10 times the molar equivalent of 0.5 mg ml 31 OvUS (using 56 000 as the molecular weight of OvUS). The peptide OvUS 358À380 was tested for lymphocyte inhibitory activity at concentrations ranging from 5 to 320 WM.
Protein assay
Protein concentration was measured by either the Bradford method [31] or by the BCA modi¢cation of the Lowry procedure [32] using BSA as a standard.
Statistics
Data for lymphocyte binding assays and lymphocyte proliferation assays were tested using the General Linear Models procedure of the Statistical Analysis System [33] . Lymphocyte donor (ewe) was considered as a random e¡ect and treatment was considered a ¢xed e¡ect. Individual means were compared by orthogonal contrasts or the Student^Neu-man^Kuels test. All data are reported as leastsquares means þ S.E.M. 45 kDa OvUS and trypsin-digested OvUS (underlined) and the estimated C-terminal fragment of the protein formed after trypsin digestion (bold type). Change in molecular weight of the serpin upon trypsin digestion was estimated by MALDI-MS and the digestion site was estimated from the published sequence for OvUS (GenBank accession #J04484). The estimated C-terminal fragment of the protein that is not part of the 42 kDa product is indicated in bold type. The putative P 1 -P 1 H site is indicated by an asterisk.
Results
Limited proteolysis experiments
OvUS exists as a pair of polypeptides of 55 and 57 kDa. Incubation of OvUS with trypsin or pancreatic elastase resulted in a shift in molecular weight from 55^57 kDa to 42 kDa (Fig. 1A) . The shift in molecular weight was similar between freshly puri¢ed OvUS and stored protein (data not shown). In no case, even with very limited proteolysis, was a digested OvUS identi¢ed that was intermediate in size between the 55^57 kDa protein and the 42 kDa digestion product observed. A similar 45 kDa OvUS is also observed in crude uterine £uid and often copuri¢es with the 55^57 kDa forms. Both the trypsindigested and the naturally occurring 45 kDa protein had identical N-terminal amino acid sequences that matched the N-terminal sequence of the 55^57 kDa form of OvUS (Fig. 1B) . Thus, digestion occurred at needed to be removed from the C-terminal portion of the protein to obtain this change in size and assuming that the cleavage would occur at the C-terminal side of the nearest arginine or lysine (Fig. 1B) . The C-terminal fragment (OvUS 296À404 ) includes the putative RCL but neither of the putative glycosylation sites.
It is likely that the C-terminal fragment remained associated with the protein because the elution time of OvUS on a gel ¢ltration chromatography column was not a¡ected by trypsin digestion (Fig. 2A) . On some occasions a 12 kDa band was observed on the gels after trypsin digestion which may correspond to the C-terminal fragment (Fig. 2A) . However, not enough of this product could be obtained for analysis by MALDI-MS or N-terminal amino acid sequencing.
The majority of OvUS precipitated when heated at 60³C for 2 h (Fig. 2B) . The precipitation of the protein was not due to aggregation via disul¢de bond formation because similar results were observed when the thermal stability was determined in the presence of dithiothreitol (data not shown). Limited proteolysis had no e¡ect on the thermal stability of the protein (Fig. 2B) . The far UV circular dichroism spectra (Fig. 2C) were similar between undigested OvUS and trypsin-digested OvUS with only a slight decrease in amount of circular dichroism across the spectrum for the trypsin-digested protein.
Binding of OvUS to pepsin [2] has been previously described. Limited proteolysis of OvUS by trypsin digestion had no e¡ect on the binding of OvUS to pepsin (Fig. 3A) . Binding of OvUS to pepsin appeared to be electrostatic. Binding occurred in low salt concentrations at pH 8.0, where pepsin has a net TD] ) to compete with biotinylated OvUS (Bt-OvUS) for binding sites on peripheral blood lymphocytes from adult ewes (n = 2) was evaluated by £ow cytometry. Data are expressed as the percentage of lymphocytes binding biotinylated OvUS. Trypsin digestion did not abrogate the ability of OvUS to compete with biotinylated OvUS for binding to lymphocytes. Neither the control protein, OVA, nor residual trypsin and AEBSF at concentrations used to digest OvUS had any e¡ect on the binding of biotinylated OvUS to lymphocytes. Means with di¡erent superscripts are signi¢cantly di¡erent (P 6 0.05). (B) Inhibition of lymphocyte proliferation by trypsin-digested OvUS. Trypsin digested OvUS inhibited PHA-stimulated lymphocyte proliferation as e¡ectively as undigested OvUS. Neither trypsin and AEBSF, added at the same concentration present in the trypsin-digested OvUS sample, nor OVA had an e¡ect on mitogenstimulated lymphocyte proliferation. Shown are least-squares means þ S.E.M. of an experiment using lymphocytes puri¢ed from three ewes. Bars with di¡erent superscripts are signi¢-cantly di¡erent (P 6 0.05).
negative charge and OvUS has a net positive charge, but did not occur at pH 10.25 where both proteins are negatively charged (Fig. 3B) . Moreover, binding was lost when bu¡er with 0.154 M NaCl was used (data not shown). An alternative explanation is that protein conformation was altered by changes in pH and salt concentration in a manner that inhibited binding.
Pepsin activity, as measured by the accumulation of TCA soluble N,N-dimethyl-hemoglobin digestion products, was inhibited by OvUS. Limited proteolysis by trypsin resulted in only a slight reduction of this activity (Fig. 3C) . As a control, trypsin and leupeptin where included as a treatment at the same concentration that was present in the trypsin-digested OvUS sample; neither a¡ected pepsin activity.
Limited proteolysis with trypsin had no e¡ect on the ability for OvUS to compete with biotinylated OvUS (Bt-OvUS) for binding to lymphocytes (Fig.  4A) . Both OvUS and trypsin-digested OvUS were equally e¡ective in competing with Bt-OvUS for binding sites. As controls, trypsin and AEBSF at the same concentration that was present in the trypsin-digested OvUS had no e¡ect on the binding of Bt-OvUS to lymphocytes. Similarly, another serpin, OVA, also had no e¡ect on lymphocyte binding to Bt-OvUS, suggesting that the binding sites on lymphocytes are speci¢c for OvUS.
Inhibition of PHA-stimulated [ 3 H]thymidine incorporation was also not a¡ected by trypsin digestion (Fig. 4B) . Suppression of mitogen-stimulated lymphocyte proliferation was similar for undigested and trypsin-digested OvUS. Trypsin and AEBSF at the same concentration used in the trypsin-digested OvUS had no e¡ect on lymphocyte proliferation. Thus the inhibition of lymphocyte proliferation in this treatment was due to cleaved serpin itself. OVA, which had no e¡ect on lymphocyte prolifera- tion, was included as a treatment at the same concentration as OvUS to con¢rm that the inhibition of lymphocyte proliferation is speci¢c to OvUS.
Experiments using mild denaturation with guanidine HCl
Thermal stability of OvUS was increased in the presence of 0.5 M guanidine HCl (Fig. 5A) . However, removal of guanidine HCl by desalting with DPBS on a Sephadex G-25 column caused the protein to refold into the thermal-labile state (Fig. 5B) . The denaturation curve of OvUS was monophasic with a 15% decrease in K-helical content with 0.4 or 0.8 M guanidine HCl (Fig. 3D) . This large change in conformation with low concentrations of denaturant may explain the shift in thermal stability caused by 0.5 M guanidine HCl.
Experiments on OvUS preincubated with a peptide corresponding to the RCL
Pre-incubation of OvUS for 24 h with a 100 fold molar excess of OvUS 352À364 (i.e., equivalent to P 14 -P 2 ) had no e¡ect on the thermal stability of the protein (Fig. 6A) and resulted in only a slight, parallel decrease in the far UV circular dichroism spectrum (Fig. 6B ) that is not indicative of the large scale conformational shift described for other serpins. This treatment also had no e¡ect on the ability for OvUS to inhibit lymphocyte proliferation (Fig. 6C) . Incubation of OvUS in the presence or absence of OvUS 352À364 resulted in a signi¢cant suppression of PHA stimulated lymphocyte proliferation when compared to bu¡er alone, peptide alone, OVA or hen egg lysozyme (HEL). 
Peptides corresponding to the RCL of OvUS do not inhibit pepsin activity or lymphocyte proliferation
Neither OvUS 352À364 nor OvUS 359À380 (corresponding to the P 14 -P 2 and P 7 -P 15 H region of the putative RCL, respectively) were inhibitory to lymphocyte proliferation (Fig. 7A,C) or pepsin activity (Fig.  7B,D) at molar concentrations equal to or greater than the concentration at which these e¡ects are observed for OvUS. Additionally, pepstatin was not inhibitory to lymphocyte proliferation when tested at equimolar levels to OvUS (data not shown).
Discussion
The underlying hypothesis for the present studies Fig. 7 . Biological activity of synthetic peptides corresponding to regions in the putative RCL. A synthetic peptide corresponding to P 14 -P 2 (OvUS 352À364 ) was tested for inhibition of PHA-stimulated lymphocyte proliferation (A) and inhibition of pepsin activity (B). Another peptide, OvUS 359À380 , that corresponds to a larger region of the RCL, (P 7 -P 15 H ) was also tested for inhibition of PHA stimulated lymphocyte proliferation (C) and pepsin activity (D). Neither peptide shared the biological activities of puri¢ed OvUS. Negative controls added in (C) are OVA and HEL. Data are least-squares means þ S.E.M. for 2^4 observations per treatment. Bars with di¡er-ent superscripts are signi¢cantly di¡erent (P 6 0.05).
was that, like other serpins, OvUS requires an intact RCL for biological activity. There were two observations supporting this hypothesis. First, a 45 kDa variant of OvUS is present in the uterus during pregnancy [1, 4, 7] which may represent a partially cleaved form of OvUS. Secondly, OvUS has pepsin-inhibitory activity [2] and it has been hypothesized that this activity is due to the presence of KVP and VVVF residues in the putative RCL [2] . However, several lines of evidence indicate that the conformation of the OvUS is di¡erent from prototypical serpins and that the RCL, if existing at all, has di¡erent properties than for other serpins. Moreover, studies using peptides corresponding to domains of the putative RCL of OvUS suggest that biological activity of OvUS (i.e., pepsin inhibitory activity and lymphocyte inhibition) does not reside in this region of the protein.
The prototypical serpin inhibits its target proteinase by a characteristic mechanism which results in a partial cleavage at the reactive center, an increase in thermal stability and a loss in biological activity of the serpin [12, 17] . Much of the information concerning the role of the RCL in the structure and function of serpins has been determined for only a few serpins that have a target serine proteinase [34, 35] . Much less is known about the role of the RCL in serpins with other biological properties. Some such as corticosteroid binding globulin require an intact RCL for biological activity [17] whereas others such as thyroxine binding globulin [17] and pigment epithelium derived factor [18] do not. The RCL of serpins is exposed and is therefore preferentially cleaved by nontarget as well as target proteinases [24] . For example, the RCL of K 1 -antitrypsin was preferentially degraded by the nontarget proteinases, papaya proteinase IV, papain, thermolysin, and bovine K-chymotrypsin [24] ; the RCL of antithrombin III was cleaved by human neutrophil elastase and thermolysin [24] ; the RCL of thyroxine binding globulin and corticosteroid binding globulin was cleaved by neutrophil elastase [17] ; the RCL of OVA was cleaved by pancreatic elastase and subtilisin Carlsberg [26] ; the RCL of maspin was cleaved by chymotrypsin, elastase, plasmin, thrombin, trypsin, tissue plasminogen activator, and urokinase-type plasminogen activator [19] ; the RCL of pigment epithelium derived factor was cleaved by trypsin and chymotrypsin [18] and the RCL of angiotensinogen was cleaved by neutrophil elastase [26] . Therefore, limited proteolytic digestion of OvUS with trypsin or elastase would be expected to result in the formation of a similarly cleaved serpin.
In contrast to results with many other serpins, OvUS was cleaved by trypsin and elastase at a site about 70 amino acids upstream of the putative RCL and did not cause any changes in the physical or biological properties of the protein. There are two explanations for this observation, both of which lead to the conclusion that OvUS has a conformation that is distinct from the prototypical serpin. One possibility is that the putative RCL for OvUS identi¢ed by amino acid alignment with other serpins [1] is incorrect and the RCL is located near where the trypsin and elastase cleaved the OvUS (i.e., at a position about 70 amino acids upstream from where the putative RCL was identi¢ed). Alternatively, OvUS is in a conformation such that the RCL is inaccessible to proteolytic cleavage. This could occur if OvUS is folded into a latent conformation such as occurs spontaneously for plasminogen activator inhibitor 1 [36] and can be induced for antithrombin [37] and K 1 -antitrypsin [38] . In the latent conformation, there is partial insertion of the RCL into sheet A [25, 39] making it inaccessible to proteolysis [37, 38, 40, 41] and preferential cleavage may occur at other regions of the serpin [37, 42] . However, unlike previously described serpins in the latent conformation [25, 37, 38, 43] , OvUS was biologically active, thermal labile and easily denatured with low concentrations of chaotrophic agents.
OvUS appears to be similar to other serpins with regard to amino acid sequence [1] ; the circular dichroism spectrum was also similar for prototypical serpins such as antithrombin III and K 1 -antitrypsin [44^46] and only slightly di¡erent from OVA [47^49]. This suggests that the overall structure of OvUS is not very di¡erent from the protypical serpins and that slight di¡erences in amino acid sequence may be responsible for the non-native conformation of OvUS. Further work using X-ray crystallography will be necessary to determine if OvUS contains a RCL that is similar to other serpins, if it is accessible to proteinases and the portion of the amino acid sequence that encodes it. Although cleavage occurs near an insertion sequence (KINLKHLLP) that is not present in the bovine or porcine uterine serpins, it is unlikely that the cleavage of OvUS is dependent on this region of the protein because naturally-occurring breakdown products of uterine serpin are also present in bovine uterine £uid [50] .
For the prototypical serpin, cleavage at the RCL leads to a large conformational change in the protein caused by insertion of the C-terminal peptide fragment into the protein to form strand 4A [20] . This conformational change is associated with increased thermal stability and a loss of biological activity [12, 17] . In contrast, there was no e¡ect of limited digestion of OvUS with trypsin on thermal lability, secondary structure as determined by circular dichroism, or on biological activity. The absence of an e¡ect of limited proteolysis of OvUS on the physical and biological properties of the protein likely re£ects the fact that the C-terminal peptide released by proteolysis is too large or otherwise unable to interact with the larger fragment of the protein. Limited enzymatic digestion also failed to alter thermal stability of other serpins including OVA [26] , maspin [19] , angiotensinogen [26] and pigment epithelium-derived factor [18] . Similarly, some non-inhibitory serpins such as corticosteroid binding globulin [17] become inactive following limited proteolysis whereas others such as thyroxine binding globulin [17] and pigment epithelium-derived factor remain active [18] .
Because inactivation of serpins involves insertion of the N-terminal region of the cleaved RCL into the A-sheet, it is possible to mimic the e¡ects of limited proteolysis by incubating the serpin with a synthetic peptide at 100 fold molar excess for 24 h at 37³C [24] . Attempts to produce a binary complex (serpin with synthetic RCL peptide inserted) of OvUS were made by incubation of OvUS with a synthetic peptide corresponding to the putative P 14 -P 2 region of the protein for 24 h at 37³C. However, no changes in OvUS thermal stability, circular dichroism spectra or ability to inhibit lymphocyte proliferation were observed. Although the conditions used in this experiment are favorable to binary complex formation in other serpins, it is uncertain whether or not the peptide inserted into the protein (as may not happen if, for example, the identi¢cation of the putative RCL is incorrect) or if the peptide inserted but failed to alter biological and optical properties of OvUS. If OvUS is in a latent conformation, insertion of the peptide would be blocked by the partially inserted RCL.
Even though the C-terminal fragment of OvUS does not appear to undergo insertion into the larger fragment of OvUS, it was observed that the C-terminal fragment remained associated with OvUS after cleavage. The nature of the association of this Cterminal fragment after digestion of the protein is uncertain but may be due to hydrogen bonding or hydrophobic interactions between regions of the protein. However, it is unlikely that the association is due to disul¢de linkages because no cystines are present on the predicted C-terminal fragment. It is also possible that the C-terminal fragment does insert but unlike other serpins, no changes in the biochemical properties of the protein are associated with this insertion. Like many other serpins [12,17^19,25, 26,51] , OvUS was thermal labile with most of the activity precipitating at 60³C.
Serpins can also be placed into an inactive, thermal stable conformation by incubation in a dilute solution of guanidine HCl [25] . Mild denaturation of the protein with 0.5 M guanidine HCl increased thermal stability of OvUS. This phenomenon may represent unfolding of the N-terminal portion of the protein which would have allowed portions of the RCL to fold into the protein and cause a change in conformation of the remainder of the protein as previously described for other serpins [25] . However, this change in conformation, whether due to unfolding of the RCL or another part of the protein, was unstable and dependent on the presence of guanidine HCl because removal of guanidine HCl by desalting resulted in a return to the thermal-labile state. Other serpins such as antithrombin III and K 1 -antitrypsin remained in a thermal-stable state after removal of guanidine HCl by dialysis [25] . Unlike antithrombin III, which demonstrated a two phase denaturation curve with in£ections at 0.7 and 4 M guanidine HCl [28] , OvUS displayed only a single, continuous unfolding pattern that resulted in observable changes in circular dichroism at 222 nm with only 0.2 M guanidine HCl. This suggests that OvUS is very unstable to guanidine HCl denaturation and that, unlike antithrombin III, there is no well de¢ned intermediate phase in the unfolding curve.
Previous experiments have demonstrated that OvUS was not inhibitory to common serine protein-ases such as trypsin, chymotrypsin and elastase [1] . A more recent report demonstrated that OvUS was inhibitory to pepsin A and pepsin C [2] . Inhibitory activity to these aspartic proteinases was attributed to motifs in the RCL that were similar to pepstatin and the propepsinogens (KVP and VVVK). We tested the hypothesis that peptides corresponding to these regions would mimic OvUS with regard to inhibition of pepsin activity and possibly mitogenstimulated lymphocyte proliferation. However, synthetic peptides made to the P 14 -P 2 or P 7 -P 15 H regions of the putative RCL had no observable biological activity even at concentrations that were 10 fold or more excess the required molar concentrations for activity of OvUS. These results suggest that the putative RCL of OvUS may not be solely responsible for the biological activity of the protein with regards to inhibition of pepsin activity and mitogen-stimulated lymphocyte proliferation. Alternatively, the sequences within the putative RCL may be responsible for biological activity but the peptides not be properly folded into the proper conformation to inhibit lymphocyte proliferation or pepsin activity.
Based on the above experiments, it is concluded that OvUS has a conformation that is distinct from the prototypical serpin because conditions that induce a large scale conformational shift in other serpins do not cause a similar shift in serpin structure. Thus, the uterine serpins, which recent results indicate diverged from other serpins prior to the divergence of mammals from other vertebrates [52] , most likely have developed structural requirements for biological activity that are distinct from those used to inhibit proteinases. This divergence in structure may re£ect the unique biological role of the protein during pregnancy. Exactly how the structure of OvUS di¡ers from the other serpins and whether or not the protein is folded into a latent, but thermal-labile and biologically-active conformation requires further experiments using methods such as X-ray crystallography.
